We present a study of the spatial variation of forecast conditions at La Palma, Canary Islands. Previsions are obtained with the Weather Research and Forecasting (WRF) model in combination with the Trinquet-Vernin (TV) model, which allows us to compute the optical turbulence from the vertical gradient of the temperature and the wind velocity. The first aim of this study is to demonstrate the ability of the WRF model to reproduce the spatial evolution of the weather and especially the optical conditions, even using low-resolution input data. The second purpose is the definition of a quality parameter Q, which can be used to determine and discriminate between astronomical sites. More than 4500 h of simulations were calculated in 2009 and we present an average of these predictions over a 2D grid. The results show that the WRF model is able to simulate the spatial evolution of the weather at a better resolution than the coarse input data and it adapts the dynamic flow to the terrain orography. The quality parameter is applied to the Observatorio del Roque de los Muchachos at La Palma and shows that it is, within 2 km precision, installed at the best possible location on the island.
I N T RO D U C T I O N
The Weather Research and Forecasting (WRF) model is a numerical model that predicts the atmospheric conditions within a threedimensional (3D) domain. The major interest, in an astronomical context, is to forecast optical turbulence using the refractive index structure constant C 2 N . Pioneering work was published by Coulman et al. (1986) , followed by Bougeault et al. (1995) , who used the mesoscale model PERIDOT (PrévisionsàÉchéances Rapprochées Intégrant des Données Observées et Télédétectées) working under the hydrostatic assumption, coupled to a method described by Bougeault & Lacarrère (1989) , to compute for the first time a map of the seeing. The non-hydrostatic mesoscale model Meso-NH was used for the first time to reconstruct the C 2 N profile (Masciadri, Vernin & Bougeault 1999a; Masciadri, Vernin & Bougeault 1999b) . Then, Masciadri & Jabouille (2001) proposed a new calibration procedure, followed by successful validation (Masciadri, Avila & Sánchez 2004) . Also this technique has been used above different sites (Masciadri & Egner 2006; . Moreover, this optical turbulence al-E-mail: cgiordano@oca.eu gorithm has been used with the Fifth-Generation Penn State/NCAR Mesoscale Model (MM5: Cherubini et al. 2008 ) and with WRF (Cherubini, Businger & Lyman 2011) . Giordano et al. (2013) used the WRF (Klemp, Skamarock & Dudhia 2007 ) model coupled with the Trinquet-Vernin (TV) model (Trinquet & Vernin 2007) to predict the optical conditions above the Observatorio del Roque de los Muchachos (ORM) at La Palma, Canary Islands. In the aforementioned article, we compared the WRF forecasts with the measurements acquired during the European Extremely Large Telescope (E-ELT) site characterization campaign (Vernin et al. 2011) and concluded that this model can predict astronomical conditions such as the seeing ε 0 , the isoplanatic angle θ 0 or the coherence time τ 0 rather well. Some questions are as follows: what is the capability of WRF to predict the optical conditions spatially and could we use it to create a map of optical turbulence? Indeed, due to the low resolution of the input meteorological data (1 • × 1 • , i.e. 110 × 110 km) compared with the resolution of our finest grid (1 × 1 km), it is necessary to study the spatial variation of these parameters in order to see whether the turbulence follows the terrain variations and whether the resolution reached by this model is sufficient to achieve a good estimation of optical turbulence.
In this article, we present the results of the simulations at La Palma. Maps of the wind velocity, cloudiness, relative humidity and precipitable water vapour are produced. More outputs regarding the optical quality, parametrized via the 'coherenceétendue' G 0 are also computed. In order better to assess a global parameter leading to classification of an observing site, a quality parameter Q is proposed that takes into account all the above-mentioned meteorological and optical properties.
Section 2 gives details of the parametrization and the use of the WRF model in an astronomical context. We present the domain used for simulations and the procedure to predict the optical conditions. Section 3 presents the definition of the quality parameter and then in Section 4 we present the results of this study.
W R F M O D E L A N D PA R A M E T R I Z AT I O N O F C

N
Parametrization and utilization of the WRF model
As one can see in Giordano et al. (2013) , the WRF model is a mesoscale non-hydrostatic numerical weather prediction system used for both operational forecasting and atmospheric research.
This study is based on the simulations of Giordano et al. (2013) , who gave a meteorological 3D forecast every hour, 24 h in advance.
The simulation was launched on our local computer every morning, for a 24 h prevision. The WRF output gives one value of the different 3D parameters every hour. All the simulations were performed with the following constant 3D domain ( Fig. 1 ; see also Giordano et al. 2013 ):
(i) a coarse grid, having a resolution of x = y = 9 km over a 450 × 450 km area,
(ii) two consecutive nests with a ratio of 1/3 and therefore a finest horizontal grid of x = y = 1 km and (iii) 30 vertical levels, with a higher resolution at the surface layer h 1 = 100 m and at h 29 = 1500 m (Fig. 1) .
WRF was initialized with forecast data from the Global Forecast System (GFS) model downloaded from the National Centers for Environmental Prediction (NCEP) web site.
1 These data have a 1
• × 1 • horizontal resolution(110 × 110 km), with 26 vertical levels. To initialize our real-time simulation at time t i we need to use input data at the same t i but also forecast data at t i + 6 h in order to control simulations and especially boundary conditions.
The main schemes used for these simulations are as follows.
(i) The microphysics scheme used is the Lin scheme (Lin, Farley & Orville 1983) , which is a 'bulk' scheme parametrizing water vapour, cloud water, cloud ice, snow, rain, graupel and mixed-phase processes.
(ii) The Rapid Radiative Transfer Model scheme (RRTM) based on Mlawer et al. (1997) is used for the long-wave radiation.
(iii) The simple scheme based on Dudhia (1989) is used for the short-wave radiation.
(iv) The Yonsei University scheme (Hong, Noh & Dudhia 2006 ) is used for the planetary boundary layer (PBL).
In our study, we performed about 4500 h of simulations during 2009 above the Observatorio del Roque de Los Muchachos, covering 199 d. The distribution of these days over the year is visible in Fig. 2 . We have no data in January and April, because the simulation does not work at this time. Adopting an astronomical point of view, meteorological and optical parameters were selected only during the night-time, corresponding to 2272 h of simulations. Each simulation starts at 0600 UT (local time is equal to UT time at La Palma). Therefore, considering that we use only night-time data, the 'spin up' of the model has no influence over our results. 
Statistical model of C
N
The WRF model gives vertical profiles of many physical parameters. In order to compute the values of the seeing ε 0 , the isoplanatic angle θ 0 and the coherence time τ 0 above a site, it is necessary to retrieve the vertical profile of C 2 N . To compute this profile from any mesoscale model output, one can use different models.
(i) Vanzandt et al. (1978) developed a stochastic model based on a statistical treatment of the atmospheric vertical fine structure.
(ii) Masciadri et al. (1999b) performed a model based on the parametrization of C 2 N depending upon some prognostic macroscopic variables, especially the mixing length deduced from the turbulent kinetic energy (TKE) and the gradient of potential temperature.
(iii) Trinquet & Vernin (2007) developed a statistical model that deduces C 2 N from mesoscale meteorological parameters. We used the TV model in this analysis. The temperature structure constant vertical profile, C 2 T (h), is deduced from the vertical profiles of the mean potential temperature and the wind velocity forecast
where χ (h) (equation 2) is the vertical gradient of the mean potential temperature at altitude h, S(h) (equation 3) is the vertical wind shear profile and, finally, φ(h) is a parameter deduced from analysis of about 160 meteorological balloons (see Trinquet & Vernin 2007) . The profile of φ is presented in Table 1 . The Gladstone formula allows us to deduce the refractive index structure constant from the temperature structure constant, following the relationship
where P is the pressure in hPa and T is the absolute temperature. Then, one can deduce all the optical parameters relevant to adaptive optics -seeing ε 0 , isoplanatic angle θ 0 and coherence time τ 0 -using expressions given in Vernin & Muñoz-Tuñón (1992) or Giordano et al. (2013) . From these parameters, one can compute the Fried parameter r 0 (Roddier 1981; Coulman 1985) , and the 'coherenceétendue' G 0 (m 2 ms arcsec 2 ) (Lloyd 2004 ) using equations (5) and (6): 
Q UA L I T Y PA R A M E T E R
From an astronomical point of view, one needs to create a map of the astronomical quality. In order to fit the astronomer's requirements, we need to consider the different modes of observation. There are two main modes: high angular resolution (HAR) observations in the visible domain and the infrared (IR) observations used for adaptive optics (AO). The value of our quality parameter will depend upon the observation mode using equation (7), based on the work of Melnick & Monnet (2011) and Schöck et al. (2011) :
where n is the number of parameters used for the determination of the site quality. C 0 defines the necessary conditions allowing one to open the dome, i.e. it depends upon the probability of having a clear sky (p clear ), the probability of having relative humidity R h < 80 per cent (p R h ) and the probability of having a wind velocity V < 15 m s −1 (p V ):
Indeed, if the sky is covered, or if R h (2 m) > 80 per cent and V h (10 m) > 15 m s −1 , observations are impossible because the mirror is misty and the telescope cannot track correctly because of wind gusts, which induce a lot of vibration of the instrument. For example, above the ORM, for 13 per cent of the time R h (2 m) > 80 per cent, for 6 per cent V h (10 m) > 15 m s −1 and for 29 per cent there is a cloudy sky (Giordano et al. 2013) .
C i depends on the optical and meteorological parameters deduced from the WRF/TV model. w i is the weight assigned to each mode of observation and each C i (see Table 2 ). Now we need to determine which parameters are necessary to create an astronomical quality parameter. The seeing ε 0 , the isoplanatic angle θ 0 and the coherence time τ 0 are three very important parameters showing the optical quality of the atmosphere for visible observations. In order to take infrared observations into account, we used the precipitable water vapour (PWV), which gives important information regarding the transparency of the atmosphere. PWV represents the amount (in mm) of total water contained in the column if this water were precipitated into rain. This parameter depends greatly upon the ground altitude, which is essential in an astronomical context. In order to have a dimensionless quality parameter, we 'normalized' each parameter with its value at ORM, so the C i values are
and C 0 becomes
whatever the type of observation. Therefore, Q = 1 at the ORM location and Q > 1 or Q < 1 if the location is better or worse.
R E S U LT S
Spatial variation of optical and meteorological parameters
The ability of the WRF model to adapt to mountainous terrain is shown in Fig. 3 . One can see in the left panel the instantaneous wind velocity (vector) at 10 m above ground level at 0 h, which corresponds to the initial state of the simulation. The pixel value corresponds to the orography. Almost no spatial variation is noticed over the whole area of interest, because of the low resolution of the input data. On the right panel one can see the instantaneous wind velocity after 1 h of forecasting. These two plots show that even if the input data has a low resolution (1 • × 1 • ), WRF is able to adapt these data to the orography before the beginning of the simulation, thanks to the WRF Preprocessing System (WPS: Giordano et al. 2013) (Fig. 3, left) and it also quickly adapts the atmospheric conditions to the presence of orography (Fig. 3, right) . Indeed, one can see that, after only 1 h of simulation, the wind speed adjusts to the orography of the island. This is well known among the WRF community (Cherubini et al. 2011 ), but less considered by the astronomical community. Even if the input data are not finely distributed, one can hope that WRF reaches a high resolution quickly and accurately.
The second result of our study concerns the spatial variation of the cloud cover (Fig. 4) , the wind velocity at 10 m above ground level (Fig. 5) , the relative humidity (Fig. 6 ), the PWV (Fig. 7) and G 0 (Fig. 8 ). All these figures represent an average over all nighttime data (2272 h). As one might expect, these figures show that simulations are greatly correlated to the orography. Moreover, Figs 4 and 6 are coherent, since the region where the humidity is maximum correlates well with the cloudy region.
Figs 5 and 8 show that G 0 is maximum where the wind velocity is minimum. Fig. 8 shows that G 0 is better 2 or 3 km away from the ORM, but Figs 4 and 7 show that meteorological conditions are better at the ORM. Therefore it is interesting to create a quality parameter for the astronomical observations that depends upon both optical and meteorological parameters.
Quality parameter
As one can see in Section 3, the quality parameter depends on the mode of observation. Fig. 9 shows plots of quality parameters for the three observational modes presented in Table 2 . The left plot shows that the ORM is located close to the best location for high angular resolution observations. The right plot shows that the ORM is at the best place for observations with an adaptative optics system, which work within the infrared domain. The middle plot shows a weighting of these two cases. It appears that the ORM is situated very close to the best region of La Palma island. Indeed, the best location seems to be situated 2 km to the south-east. Considering the low resolution of our domain (1 × 1 km) and the low resolution of our terrain model (1 × 1 km), one can suppose that the ORM position is approximately situated in the circle on the figure. Giordano et al. (2013) have shown that the WRF model is able to simulate meteorological and optical parameters like the pressure, temperature, wind velocity, relative humidity, cloud cover, seeing, coherence time, isoplanatic angle and coherenceétendue.
C O N C L U S I O N
This article is an introduction to work regarding the creation of a map of optical quality and shows the potential for broader site forecasting. We do not pretend to reach the same precision as reality, because we have no comparative data except at the ORM location; rather we aim simply to show the capability of WRF to take into account the orography for the astronomical community. Indeed, Section 4.1 shows that even if the input data are known with a low resolution (110 × 110 km), the simulations are spatially coherent with the ground orography.
We created an optical quality parameter using meteorological and optical parameters such as the precipitable water vapour, seeing, isoplanatic angle and coherence time (Section 3). This parameter allows us to know the location of the best site to perform astronomical observations. As a result, we showed that the ORM is installed very close to the best possible location on La Palma island.
In the future, we plan to improve the forecast using a finer 3D grid initialization and better terrain resolution. Figure 9 . Map of quality parameters for visible mode only (left), visible and infrared modes (middle) and infrared mode only (right). The ORM is within the circle.
